Spintronics promises to revolutionize electronics and computing by making explicit use of the electron's spin in addition to its charge [1] [2] [3] . A key-requirement is spin manipulation via an electric, rather than a magnetic, field. However, even the prototypical method 4 for demonstrating such control, via an electrostatically-tuneable Rashba 5 spin splitting of a two-dimensional electron gas (2DEG), is difficult to implement: despite decades of research, crucial spintronic components such as the spin-field and spin-Hall effect transistors have only been realized very recently in a laboratory setting 6,7 , and are currently restricted to operation at cryogenic temperatures. A breakthrough is hampered by the intrinsic properties of available materials. In particular, the modest spin-orbit interaction of most semiconductors leads to small Rashba splittings. This necessitates low temperatures for device operation, as well as long channel lengths with ultrahigh purity material to avoid spin-flip scattering events. Here, we report a spin splitting of a 2DEG in the topological insulator Bi 2 Se 3 which is at least an order-of-magnitude larger than in other semiconductors. We further demonstrate that this Rashba splitting can be controlled electrostatically. Together these results should allow the scaling of spintronic devices to the nanoscale and their operation at room temperature.
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Given the limitations for spintronics imposed by the small spin splitting of known semiconductor 2DEGs, there is an intense search for materials which could host much larger Rashba effects. Metallic states with large Rashba splittings are known to exist at several metal and modified semiconductor surfaces [8] [9] [10] [11] . However, in all such known cases the spin splitting is caused by strong intra-atomic electric fields. It cannot be influenced by an external field, rendering such systems unsuitable for any real device application. We have recently shown that the surface of the semiconductor Bi 2 Se 3 can support a 2DEG
12 . Bi 2 Se 3 is a little-studied semiconductor, but it has recently attracted considerable attention as a threedimensional topological insulator 13, 14 . This property is closely related to its large spin-orbit interaction. Driven by such strong spin-orbit coupling, we show here that a 2DEG in Bi 2 Se 3 can be tuned to exhibit a large Rashba spin-splitting, demonstrating that this system provides a far superior platform to establish spintronic control in practical devices than any other known material.
We investigate the electronic structure of Bi 2 Se 3 using angle-resolved photoemission (ARPES). The surface of Bi 2 Se 3 is known to become increasingly electron doped with time after cleaving the sample 12,14 , and we follow the resulting temporal evolution of the full (k x , k y , E)-dependent electronic structure ( Fig. 1 and Supplementary Movie 1). The cleaved sample (Fig. 1a) shows the familiar linearly-dispersing Dirac cone of the topological surface state, whose apex defines the Dirac point. Additional spectral intensity can be observed from the bulk valence bands at high binding energy. Close to the Fermi level, occupied bulk conduction band states are also visible, due to the usual degenerate electron doping of this compound. With time, the adsorption of residual gas molecules on the surface (see also supplementary material), and possibly also the creation of surface defects, acts as an effective gate potential: the positive electrostatic charge of the surface-localized impurities or defects causes the conduction and valence bands to bend downwards relative to the Fermi level when approaching the surface, evident from the shift of the Dirac point to higher binding energies (Fig. 1b) . This band bending causes a 2DEG to form at the surface 12 . Its electronic structure is quantized into two-dimensional subbands, giving rise to the well defined Fermi surface and intense rim below the bottom of the bulk conduction band, shown in Fig. 1b .
With further effective gating (Fig. 1c) , the band bottom of the 2DEG state starts to shift away from thē Γ-point. This is indicative of a Rashba spin splitting: in the presence of a potential gradient (provided here by the band bending), spin-orbit coupling lifts the spindegeneracy of the 2DEG, separating the states into two bands. In the simplest approximation, their dispersion is given by
where m * is the effective mass and α is the Rashba coupling parameter, dependent on both the gradient of the potential and the spin-orbit coupling strength. The spinsplit bands cross at k = 0 as time-reversal symmetry requires them to be degenerate here. Thus, the band bottom is shifted away from the zone centre (see Fig. 2b ), as observed here. As the band bending, and consequently the potential gradient, continues to increase, a well defined spin splitting of the states is established (Fig. 1d) , much like for the model example of the spin-split Au(111) surface state 8 . We stress, however, that the states we observe here are not surface states as for the Au(111) system, but rather quantum-confined conduction band states of a 2DEG similar to that found at a number of semiconductor surfaces and interfaces 15, 16 . However, the size of the splitting is much larger. Even for semiconductors generally considered to have a strong spin-orbit coulpling, such as InAs and InSb, no Rashba splitting of a 2DEG could be resolved by previous ARPES studies 17, 18 . This suggests that the 2DEG in Bi 2 Se 3 may provide a far superior platform for use in advanced spintronic applications relying on the Rashba effect than the conventional semiconductors employed to date 6, 7 . Indeed, the momentum splitting at the Fermi level of ∆k F = 0.08Å
−1 ] and energy-splitting at k F of the inner band (see Supplementary Fig. S5 ) of ∆E R = 180 meV [∆E R = 170 meV] along theΓ −M [Γ −K] direction are a factor of 2-4 larger than for the Au(111) surface state 8, 19 , comparable to the strongly spin-split Bi(111) surface state 9 , and approximately one to two orders of magnitude larger than the equivalent quantities extracted from transport measurements of semiconductor 2DEGs which have previously been considered good candidates for spintronic devices [20] [21] [22] .
The results presented above represent snapshots of the band dispersions at specific times following the cleave. Beyond this, the high transmission and simultaneous angular-resolution over a solid cone of opening angle up to 30
• of the VG Scienta ArTOF 10k time-of-flight electron spectrometer utilized for part of this work 23 allows us to track the continuous evolution of the electronic structure as a function of effective gate voltage, as summarized in Fig. 1e -h and supplementary material. With time, the effective gate potential, given by the shift of the Dirac point, monotonically increases in magnitude up to ∼ 0.35 eV, and then saturates. Concurrent with this, the Fermi surface of the 2DEG grows and smoothly evolves into two spin-split sheets above an effective gate voltage of ∼ 0.15 eV. From these measurements, the momentum splitting ( Fig. 1g) and Rashba parameter, α, of the spinsplit 2DEG at the Fermi level can be extracted as a function of gate voltage. The Luttinger area of each Fermi surface sheet yields the corresponding sheet density of the 2DEG (Fig. 1h) . These quantities should be comparable to ones that could be extracted from transport measurements of similar 2DEGs. As shown in Supplementary  Fig. S3 , the Rashba coupling is tuneable from zero up to ∼ 1.3 eVÅ by an effective gate voltage change of only ∼ 200 mV. This controllable nature of the spin splitting makes such 2DEGs suitable for applications where electrical manipulation of the spin precession is required, for example in the spin-FET or spin-Hall effect transistor. Indeed, the precessional phase shift for injected electrons in the spin-FET is ∆k F L, where L is the channel length 4 . Consequently, in the 2DEG created here, the required channel length for maximal source-drain current modu-lation could be as small as ∼ 4 nm, dependent on the choice of gate voltage. This provides a route towards nanoscale spintronic devices. Furthermore, the large energy splitting between the two spin-split branches should allow such devices to be operated at room-temperature (∆E R kT ), a necessary requirement for practical applications of spintronics, and something which is yet to be demonstrated for a spin-FET based on more conventional semiconductors.
Modifying the chemical potential via an external backgate has recently been demonstrated in Bi 2 Se 3 thin films 24 , while both front-and back-gating have successfully been applied to Bi 2 Se 3 nanodevices 25 . Such studies suggest that extrinsic gate-voltage control of the confining potential should be possible, including tuning the exact shape and asymmetry of the quantum well to enhance spin splitting as is performed for semiconductor 2DEGs 22 . In addition, Bi 2 Se 3 thin films have been successfully grown epitaxially on Si 26 , GaAs 27 , and also graphene 28 . This could provide a route to integrate the potential of Bi 2 Se 3 for spintronic applications with both conventional and emerging graphene-based semiconductor electronics.
In the present case, the surface-localized nature of the 2DEG allows a detailed momentum-and energyresolved picture of the effects of Rashba splitting to be extracted from ARPES measurements (Fig. 2) , yielding information that is difficult, if not impossible, to extract from transport measurements on buried interface 2DEGs. From Fig. 1e-g , it is already clear that the momentum splitting at the Fermi level is different along the two high-symmetry crystallographic directions. In fact, this anisotropic Rashba splitting displays a rather complex dependence not only on the direction, but also on binding energy (Fig. 2c) . Close to the band bottom, the splitting is rather isotropic. AlongΓ −K, the k -splitting decreases uniformly approaching the Fermi level, whereas for theΓ −M direction, the k -splitting passes through a local minimum about 150 meV below the Fermi level, before increasing again to its maximum value close to E F (see also Supplementary Fig. S4 ). This is significantly different from the conventional picture of an energy-independent isotropic k splitting, and most likely arises due to band non-parabolicity effects combined with the anisotropy of the effective mass, which gives rise to the approximately hexagonal constant energy contours close to the Fermi level (Fig. 2a) .
In contrast, we find no anisotropy of the k splitting along k z , as shown in Fig. 2d ,e. Indeed, apart from expected matrix-element effects 12 , the spin-split states do not vary when measured with different photon energies ( Fig. 2d and Supplementary Movie 2) . This lack of dispersion along k z confirms the two-dimensional nature of the electron gas that gives rise to the Rashba splitting.
Besides the Rashba-split 2DEG state and the topological surface state, additional states can be observed at some photon energies (Fig. 2d) . A detailed measurement showing these additional states is presented in Fig. 3a , Band bending near the surface (blue) with the energy levels and modulus-squared wave functions of the quantum-confined states (red). The lowest state is more strongly confined to the steep part of the potential, nearest to the surface, leading to a strong spin splitting which cannot be observed in the more delocalized upper states. A k-indepenent Rashba splitting of α = 0.36 eVÅ (estimated from the kF -splitting) applied to the lowest calculated subband dispersion gives the green dispersion in (a), which is in qualitative agreement with the experimental dispersion.
where a clear second state can be discerned above the spin-split band bottom, and a very weak and diffuse third state can just be distinguished close to the bulk conduction band minimum. In agreement with earlier studies 12, 17, 29 , we attribute these to a ladder of subband states induced by the surface band bending. This assign-ment is further supported by the model calculations 30 shown in Fig. 3b .
Interestingly, only the lowest of these subbands exhibits a visible spin splitting in the ARPES. As detailed in the supplementary material, this strongly suggests that the Rashba splitting is dominated by the gradient of the back-side of the potential well: Being located deeper in the surface quantum well, the wave function of the lowest subband state is localized close to the surface, in the region of steepest potential (Fig. 3b) . This naturally explains the experimental observation of a much stronger Rashba splitting than for the shallower states, which have more extended wave functions. We note that similar looking states have been observed upon the adsorption of Fe on the surface of Bi 2 Se 3 but were interpreted as additional genuine surface states, not as an induced Rashba-split 2DEG 31 . In the light of the results presented here and in the supplementary material we believe, however, that the Fe-induced states are likely to be caused by a 2DEG as well.
The detailed spectroscopic insights into the multisubband variations in spin splitting, as well as the energydependent and anisotropic features of the Rashba interaction discussed above, provide an important test for theoretical models that describe Rashba effects in 2DEGs 2, 32, 33 , and yield complementary information to that provided by transport or tunnelling experiments 21, 22, 34 , which do not have the k-resolution of ARPES. The insights such ARPES measurements provide here suggests that 2DEGs in Bi 2 Se 3 have enormous potential for highly-functional spintronic applications. The large energy and momentum splittings should make these materials suitable for use in room temperature and nanoscale devices, while the tuneable nature of the spin splitting with external potential makes these a natural choice for advanced spintronic applications such as the spin-FET.
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